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L  INTRODUCTION 


In  die  course  of  UDEF  post-r^rieval  investigatiODS,  XPS  has  been  used  to  shxfy  die  surface 
coaqwsition  and  dieniistry  of  exposed  mafcriab,  Ag/PEP.  Kiqiton,  S13GLO  paint,  QCMs> 

carbon  fiber/organic  matrix  conqiosites,  and  carbon  fiber/Al  alloy  composites.  One  objective  of  diis  study 
was  to  conqiare  fyiamd  surface  contamination  ^pes  and  covenges  on  leading  and  trailing  edge  LDEF 
eaqwsed  surfaces  for  a  variety  of  materials.  AnalygM  nf  anamali^  onA  "iinwr>ywM*jnfafiw"  aiiMiig  was 
generally  avoided  in  an  attempt  to  maxiniize  data  acquisition  for  areas  widi  avesage  exposure  to  die  space 
environment  XPS  is  an  excellent  surface  analysis  tecfartiqne  for  die  stu^  of  contaminant  overiqwrs.  Eacdi 
XPS  analysis  provides  an  average  semi-quantitative  surface  composition  over  an  area  rqiprootimately  4x5 
mm,  widi  an  analysis  dqitii  of  50  to  100  A.  All  elements  can  be  detected  except  hydrogen  and  hdium. 

The  details  of  electron  energies  and  peak  sbrqies  give  information  about  the  diemical  state  of  mar^ 
dements  in  die  sanqile  surface.  Nfiniinal  sam|de  preparation  of  LDEF  exposed  materials  was  required  for 
XPS  analysis,  and  the  analysis  was  rmndestructive  unless  die  surfme  components  were  radiation  sensitive. 
SurfKX  dunging  of  msulatms  arid  semicondnctms  does  not  pose  a  inajor  proUem  for  die  XPS  technique, 
allowing  straightforward  analysis  of  surface  oxides  and  contamination  layers.  Conqilemenlaiy  SEM^S 
analysis  was  used  to  look  at  many  of  the  same  samjdes.  EDS  analysis  provides  an  avenge  semi- 
quantitative  surface  composition  over  die  area  rastered  by  the  electron  beam,  with  an  analysis  depdi  of  <  1 
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IL  EXPERIMENTAL 


The  LDEF  eapoaed  materials  and  flidr  refagoce  sairides  investigated  in  this  study  are  listed  in  Table 
1 .  The  LDEF  experiment  and  exposure  position  of  die  san|>]es  is  included  in  the  table,  where  the  notation 
"D9"  indicates  bay  D/irow  9  of  LDEF.  S<nne  materials  were  analyzed  with  no  samjriie  prqiaration  other 
dum  mounting  on  aniqipropriaiesam{de  stub.  Most,  as  indicated  in  Table  1,  were  cut  to  provide  sanqiles 
that  could  be  introduced  into  die  analysis  system.  Additional  infoimadon  about  the  materials  is  given  in 
Table  2. 

The  LDEF  ei^osed  and  reference  samples  were  analyzed  by  XPS  using  a  VG  Scientific  LID 
ESCALAB  ME  n  instrument .  The  sanqiles  were  mounted  on  sample  stubs  widi  str^  of  tantalum  foil  or 
widi  double-sided  tape.  Survey  scans  from  0  to  1100  eV  binding  energy  were  acquired  to  qualitadvely 
determine  die  sanqite  surface  composition.  Analysis  areas  were  about  4  x  S  mm  in  size  and  analysis  depth 
was  about  SO  to  100  A.  Data  acquisition  with  a  I^Ka  and  an  AlKa  source  was  used  to  check  for  all  die 
elements  of  interest  resolution  eleoaental  scans  were  subsequently  run  to  obtain  semi-quantitative 

demental  analyses  from  peak  area  measurements  and  chemical  state  information  from  die  details  of 
binding  energy  and  stuqpe.  Measured  peak  areas  for  all  detected  elements  were  corrected  1^  elemental 
sensitivity  factors  before  rxnmalization  to  give  surface  riKde%.  The  quantitation  error  on  a  relative  basis  is 
^10%  of  die  tneasuremem  for  components  with  a  surface  concentration  >1  mde%.  Large  uncertainties  in 
die  rdative  elemental  sensitivr^  factors  can  introduce  absdnte  errors  of  a  factor  of  2  or  even  greater.  The 
d^Bction  limit  is  about  0.1  sorfiK:e  mole  %,  but  spectral  overiaps  between  large  peaks  and  small  peaks  can 
make  it  irrqiossiUe  to  detect  minor  components,  particularly  when  more  than  one  diemical  state  is  present 
for  a  given  ekment 

A  JEOL  840  SEM  widi  an  EDAX  9900  EDS  system  was  used  fw  the  SEM/EDS  analyses. 
Nonconductive  surfaces  were  coated  ly  carbon  eviqioeation  to  minimize  surface  darging  effects. 
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Table  1.  LDEF  Exposed  Material  and  Reference  Samples  Investigated 


LDEF  exposed  matedal 

Biqietimeot  and  locatioo 

Sarnie  pr^sration 

Reference  sam]^ 

Caibon  fibcr/Al  alloy 
conqwsite 

M0003;D8andD4 

1/2  inch  squares  cut 

Fligm  controls 
Labmatoiycmilrols 

Caiboa  fiber/organk  matrix 
composites 

M0003:D9andD3 

1/2  inch  squares  cut 

Backside  flight  controls 

S13GLO  paint 

M0003;D9sndD3 

As^eceived 

Laboratory  reference 

Quartz  crystals  firom  QCMs 

M0003;D9andD3 

Crystals  dismounted  £r(»n 
QCMs  aitd  acetone-washed 
at  QCM  Research 

Reference  QCM  crystals 

K^too 

A0076;F9 

1/2  inch  square  cut 

Laboratory  reference 

Ag/FEP,  thermal  omtrol 
blaidtets 

A0004-1;F2 

A0178;  Dl.  A2,  A4.  F4.  B5. 

C5.D5.C6.B7.D7,C8, 

A10.C11.D11 

1/2  inch  squares  cut 

Laboratory  controls 

Masked  edge  flight  controls 

Ag/FEP,  adhesively  mounted 
thennal  control  sheets 

M0(X)3;D9 

A0076;F9 

1/2  inch  squares  cut 

Laboratory  references 

Masked  edge  flight  controls 

Table  2.  LDEF  Exposed  Material  bifonnation 


LDEF  exposed  material 

Snpfdier 

Additional  infonnatiim 

Carbon  fibet/Al  alloy 
composite 

Kber  Materials,  Ihc. 

GY70  gr^ihiie  fibers,  mann&ctuxed  by  BASF 

Structural  Materials  fac.,  reinforcmg  A1  alloy  201  matrix 
with  2024  A1  alloy  surfiice  foils.  Major  components  of 
2024  tdlqy  are  93%  Al,  4.4%  Cu,  1.5%  Mg  and  0.6% 
Mn. 

Carbon  fiber/organk  matrix 
composites 

1 

8 

T300  woven  febtk,  manufectnied  by  Amoco 
Performance  Products,  Inc.,  reinforcing 
poIy(arylacet^ene)  materials  diat  were  under 
devdoixnent  at  The  Aetoq>ace  Corporation  in  1984. 

S13GLO  paint 

L 1.  T.  Research  Institute 
coupons  made  by  TRW 

White  dieimal  control  paint  Zinc  oxide  pigment 
encapsulated  in  potassium  silicate  with  a  me%l  snicone 
bindm. 

Quartz  crystals  fiom  QCMs 

QCM  Research 

Active  QCMs  used  crystals  widi  9000A  Al -1- AI2O3 
phis  ISO  A  b)20^  top  layer.  The  t(q>  layer  on  passive 
QCMs  was  ISOA  ZnS. 

Krqxon 

E.  I  du  Pont  de  Nemours  & 
Co.,  Inc. 

Apolyimide. 

Ag/FEP,  thermal  control 
blankets 

Sbddahl 

5  mil  FEPTeflon,  manufactured  by  E.  I  du  Pom  de 
Nemours  &  Co.,  Lk. 

Ag/FEP,  adhesively 
mounted  themud  control 
dieets 

Sheldahl 

2  mil  FEP  Teflon,  manufactured  by  E.  I  du  Pom  de 
Nemours  A  Co.,  Lie. 
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m.  RESULTS  AND  DISCUSSION 


A.  CONTAMINATION  ON  COMPOSITE,  PAINT,  AND  QCM  SURFACES 

The  XPS  data  for  the  caibon  fiber/Al  alloy  coo^xisite  san^>les  are  shown  in  Table  3.  The  entire  XPS 
signal  should  come  fixnn  the  2024  A1  alloy  suifiice  foil,  which  was  shown  to  be  intact  by  SEM,  and  its 
contamination  overiayer.  The  flight  suifa^  had  visible  discolocation.  The  exposed  side  of  die  trailing 
edge  saoD^le  had  a  pale  brown  stain.  The  exposed  side  the  leading  edge  sanqile  had  a  lainbow-like  light 
dispetsion  in  some  areas,  and  its  backside  had  a  very  pale  teown  stain.  The  laboratory  and  flight  comrol 
surfaces  did  not  have  visible  discdoration.  The  fli^coDtixd  sample  had  been  mounted  on  die  backside  of 
the  D4  cassette. 

The  laboratory  ccmtrol  surfaces  were  contaminated  with  C,  Si,  N,  Na,  K,  Ca,  F,  Cl,  P,  and  S.  Pre- 
launch  contamination  was  cleariy  significant  This  points  out  how  laboratory  control  sanqiles  can  be  cridcal 
to  the  assessment  of  on-fUght  contamination  and  material  modification.  The  fli^  control  surfaces  and 
sampte  backsides  (another  camnumly  used  "flight  control”)  imH  hi^ier  crmcenlradons  of  Si  contamination 
than  the  lab  control  surfaces  by  mote  than  a  factor  of  2.  The  observed  variability  for  Si  (7  to  28%)  on  these 
four  surfaces  was  a  factor  of  4,  showing  the  inherent  inaccuracy  of  using  onty  flight  controls  for 
comparison  to  the  exposed  surfaces.  The  contamination  on  the  leading  edge  sample  backside  surface  was 
particularfyhigh,possibtyduetopreflightorpostaightcontaminatioD.  The  Si  concentration  on  the  exposed 
surfaces  was  a  factor  of  2  higher  dian  on  the  flight  controls.  Si  crmtaminadon  was  about  2S%  higher  m  die 
leading  edge  exposed  surface  dian  on  the  trailing  edge  esqiosed  surface.  Si  was  detected  predominantly  as 
SiC>2  on  bodi  exposed  flight  surfaces  and  on  die  leading  edge  sample  backside;  diis  assignment  was  based 
(m  a  Si^  bioding  energy  of  103JS±0J2eV  after  charge  (Xirrection.  On  the  odier  surfaces,  the  Si^  peak 
was  defected  at  lower  binding  energy,  102.9  -f  0.3  eV,  vdiich  indicated  surface  sUicoae  orpossibfy  mixed 
silicone/silicateyisilica.  It  was  not  po^le  to  determine  the  source  of  carbon  on  die  flight  surfaces:  itcould 
come  fimn  silicone  and/or  hydrocarbon  dqiosition  and/or  from  the  preflight  contaminant  overlayer. 


Table  3.  XPS  Data  for  Carbon  Hber/Aliminum  AUoy  Composites 


Surface  Mole  %,  Normalized 


Sample 

Al 

Mg 

Q 

Si 

Q 

E 

E 

a 

E 

S. 

M 

Sq 

Qa 

AL3-3,  Leading  Edge 

Exposed 

0.4 

nds 

65 

29 

6 

tr 

tr 

nds 

nds 

tr 

nds 

nd 

nd 

nds 

nds 

Badcside 

0.2 

nd 

65 

28 

4 

2 

nd 

tr 

tr 

tr 

nd 

0.2 

0.1 

tr 

tc 

ALS-1 1,  Trailing  Edge 

Exposed 

0.7 

nds 

59 

23 

13 

3 

0.1 

nds 

0.3 

03 

nds 

0.2 

0.4 

0.1 

nds 

Badcside 

11 

2 

51 

7 

20 

3 

0.7 

03 

0.8 

0.3 

0.5 

2 

1 

0.2 

0.1 

ALS-13,  Flight  Control 

Side  1 

5 

0.8 

43 

11 

37 

0.7 

0.2 

03 

0.6 

0.4 

0.2 

0.3 

1 

0.2 

tr 

Side  2 

3 

0.5 

41 

11 

40 

1 

0.3 

03 

0.3 

0.4 

0.1 

0.3 

2 

0.2 

tr 

AL3-14,  Lab  Control 

Side  1 

9 

0.8 

35 

2 

49 

1 

0.2 

03 

0.1 

0.3 

tr 

0.4 

2 

nd 

nds 

Side  2 

8 

1 

35 

3 

49 

1 

0.2 

03 

0.1 

0.2 

0.3 

03 

2 

nd 

nds 

tr  =  trace  (<0.1) 
nd  =  not  detected 

nds  =  not  detected  survey  scan;  no  high  resolution  scan  run 
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Aluminum  was  detected  as  the  oxide,  AI2O3,  on  all  sample  surfaces,  as  would  be  e3q>ected  for  air- 
exposed  alloy.  It  is  possible  that  postfligbt  air  oxidation  could  maslc  on-flight  changes.  Only  the 
pap^ominant  chemical  state  of  tte  alloy  surface  could  be  detected  in  the  presence  of  the  contaminant 
overlayer.  The  weak  A1  signal  (<1%)  on  the  exposed  flight  surfaces  implies  a  contaminant  coverage  at  least 
comparable  to  Ok  dq>th  probed  by  XPS,  50  to  100  A.  b  the  case  of  noncontiiuious  or  nommiform 
coverage,  the  average  thickness  of  die  contaminant  ovedayer  could  be  substantially  greater.  Stronger  A1 
signals  (3  to  1 1  %)  on  the  control  and  trailing  edge  backside  surfaces  indicate  relatively  lower  contaminant 
thickness/coverage. 

The  XPS  data  for  the  carbon  fiber/organk  matrix  composites  are  shown  in  Table  4.  The  composites  were 
designated  as  A,  B,  and  C.  and  had  been  fabricated  wi&  differences  in  the  matrix.  The  "L"  and  "T"  prefixes 
in  Table  4  indicates  leading  and  trailing  edge,  respectively.  No  laboratory  control  samples  were  avaikble 
for  these  samples,  and  die  sample  backsides  were  used  as  the  flight  controls.  These  carbon/jptdy 
(arylacetylene)  (PAA)  materials  were  under  develqiment  at  The  Aerospace  Corporation  in  1984  as 
i^lacements  for  more  traditioiial  composites  such  as  carbon/epoxy.  The  exposed  leading  edge  surfaces 
were  visibly  eroded.  SEM  and  optical  microscopy  showed  the  erosion  to  be  irregular  to  a  depdi  of  about  5 
mils.i  The  erosion  morphology  was  dominated  by  crevasses  parallel  to  the  fibers,  with  triangular  cross 
sections.  Tbe  edges  of  the  crevasses  were  well-d^ned,  and  penetrated  through  both  matrix  and  fibers.  The 
exposed  trailing  edge  samples  and  sample  backsides  exhibited  no  physical  qipearance  changes  due  to 
exposure. 


Table  4.  XPS  Data  for  LDEF  Fib^ /Organic  Matrix  Composites 


Surface  Mole  %,  Normalized 


Imaged? 

£ 

£ 

Si 

li 

E 

& 

a 

£a 

Zq 

Sn 

iia 

E 

L-A 

Exposed 

Yes 

45 

42 

10 

2 

0.6 

0.3 

Exposed 

No 

44 

44 

8 

1 

0.4 

0.5 

tr 

2 

0.3 

Backside 

No 

71 

20 

2 

2 

3 

0.1 

0.1 

1 

tr 

T-A 

Exposed 

No 

51 

36 

6 

2 

3 

tr 

0.1 

3 

0.2 

0.1 

Backside 

No 

66 

26 

2 

1 

3 

0.2 

0.1 

1 

L-B 

Exposed 

Yes 

17 

59 

19 

0.6 

nd 

0.3 

0.1 

2 

tr 

1 

nd 

0.3 

Ba^ide 

Yes 

59 

31 

3 

2 

2 

0.2 

0.2 

2 

nd 

1 

nd 

T-B 

Exposed 

Yes 

45 

23 

4 

0.9 

25 

0.1 

0.1 

1 

0.1 

0.1 

Exposed 

No 

46 

27 

3 

1 

19 

0.1 

0.2 

2 

0.2 

1 

Backside 

Yes 

70 

22 

2 

1 

3 

0.1 

0.2 

0.7 

nd 

0.2 

nd 

L-C 

Exposed 

Yes 

61 

31 

3 

3 

0.1 

0.5 

nd 

0.3 

nd 

0.4 

0.3 

0.6 

Backside 

Yes 

67 

23 

4 

2 

3 

0.1 

0.2 

2 

nd 

nd 

0.1 

nd 

T-C 

Exposed 

Yes 

47 

39 

7 

2 

0.4 

0.2 

0.4 

5 

0.4 

tr 

0.1 

nd 

Backside 

Yes 

65 

24 

4 

1 

0.3 

nd 

0.3 

1 

0.2 

tr 

nd 

nd 

Release 

Oo^ 

No 

39 

4 

0.7 

56 

tr=trace 

nd  =  not  (  elected  in  dememal  scan 

blank  =  not  detected  in  survey  scan  and  no  elemental  scan  acquired 
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Compaiisco  of  Si  coocentration  oo  leading  and  trailing  edge  surfaces  showed  a  mtich  broader  range 
of  values  oo  die  leading  edge:  3  to  19%  Si  on  the  leading  vs.  4  to  7%  on  the  trailing  edge.  A  comparison 
of  die  Si  concentratioo  oo  pairs  of  leading  and  trailing  edge  conqiosites  gave  the  widely  varied  ratios  of  1 .7, 
4.8,  and  0.4.  Si  contamination  was  highest  on  sample  L-B,  which  had  lower  erosion  than  L-A  and  L-C. 
Coo^xisite  B  had  die  lowest  resin  content  of  the  dnee:  22%  by  weight  compared  to  37%  and  33%  ftn* 
composites  A  and  C,  respectively.  It  is  unknown  if  the  surface  cootamination  plays  a  role  in  erosion 
crevasse  initiation  and  enlargement  Si  concentration  on  the  san^le  backsides  ranged  from  2  to  4%.  Si 
ratios  for  exposed  leading  edge  surfaces  to  their  backsides  were  S.0, 6.3,  and  0.8.  Si  ratios  for  exposed 
trailing  edge  surfaces  to  their  backsides  were  3.0, 2.0,  and  1.8.  The  predominant  chemical  state  of  Si 
d^ected  was  Si02  on  all  of  the  eaqiosed  surfaces,  both  leading  and  trailing  edges.  The  Si  detected  on  the 
sanqdes  backsides  was  predominantly  from  silicone  or  mixed  sihcon^silicat^  silica.  The  lack  of 
labmatory  controls  prevents  conclusions  about  changes  in  the  composite  surface  chemistry  and  about  die 
wide  range  of  minor  contaminants,  including  N,  F,  S,  Q,  Cu,  Zn,  Ni,  Sn,  Na,  and  P.  One  surface  had  25% 
F;  release  cloth  used  in  fabrication  is  the  most  likely  source  of  fluorocarbon  contamination.  It  is  likely  that 
preflight  contamination  is  significant  as  a  source  of  minor  contaminants. 

The  XPS  data  for  S13GLO  paint  are  shown  in  Table  S.  There  were  no  flight  ctmtrol  or  backside 
surfaces,  nor  were  laboratory  controls  maintained.  A  laboratory  reference  was  prqiared  for  comparison 
from  a  current  batch  of  S13GLO.  Visible  changes  were  seen  in  die  flight  surfaces.  The  trailing  edge 
surfaces  had  brown  discoloration,  with  some  lighter  Imes  and  spots,  litde  discoloration  was  observed  on 
the  leading  edge  surfaces,  hiteipretation  of  surface  contamination  was  complicated  because  the  binder  is 
metl^l  silicone,  and  by  die  lack  of  a  same-batch  laboratoiy  contrcd.  On  all  flight  eiqiosed  surfaces,  the  C 
signal  decreased  and  the  O  signal  increased,  relative  to  Si.  The  Si2p  binding  energy  and  O  to  Si 
concentration  ratio  changed  fiom  silicone  to  Si02  on  leading  and  trailing  edge  surfaces.  Exposure  to  UV 
radiation  and  atomic  ooqrgen  in  the  space  environment  caused  silicone  degradation,  widi  resulting  formation 
of  Si02  and  loss  of  carbon  through  volatiles.  This  investigation  was  inconclusive  on  the  question  of 
silicone  binder  decomposition  vs.  silicone  contaminants  deposition/deconqiosition  as  the  source  of 
measured  surface  SL  It  was  observed  that  the  leading  edge  surfaces  had  greater  loss  of  carbon  dian  trailing 
edge  surfaces.  The  SEM  analysis  was  inctmclusive  on  whedier  a  significant  amount  oi  binder  was  lost 
frmn  leading  edge  surfaces  due  to  atomic  oxygen  erosion.  K  and  Zn  from  die  pigment  was  detected  on  all 
flight  sam{des,  but  not  on  the  reference.  This  may  indicate  some  binder  loss,  but  it  may  also  be  due  to  a 
difference  between  batches  of  S13GLO. 


Tables.  XPS  Data  for  S13GLO  Paint 


Surface  Mole  %  (Normalized) 

S13GLO  Paint  Sample 

Q 

Q 

£ 

N 

S 

a 

Ha 

E 

Reference 

44 

30 

26 

0.2 

nd 

nd 

nd 

nd 

nd 

nd 

L31V-18-17-1 

Leading 

12 

56 

27 

1 

0.5 

2 

0.3 

0.5 

0.3 

0.1 

L31V-18-18-2 

Leading 

13 

56 

27 

1 

0.5 

2 

0.2 

0.5 

0.3 

0.1 

T31V-18-17 

Trailing 

28 

46 

21 

0.8 

0.3 

2 

0.4 

0.4 

0.7 

0.5 

T31V-18-18 

Trailing 

27 

47 

21 

1 

0.2 

2 

0.4 

0.4 

0.8 

0.4 
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The  XPS  data  for  the  QCM  crystals  are  shown  in  Table  6.  The  reference  crystals  served  as  flight 
control  samples  for  the  sense  crystals.  Laboratory  control  samples  have  not  been  marte  available.  The 
flight  surfaces  were  not  visibly  altered  by  space  environment  exposure.  The  QCMs  were  disassembled  at 
QCM  research  and  all  the  crystals  were  cleaned  in  acetone  at  diat  time,  befc^e  delivery  to  The  Aero^)ace 
Corptnation  for  analysis.  Solvent  washing  can  remove  some  surface  contaminants  and  leave  new  residues. 
It  is  possible  that  diese  residues  explain  the  observatitm  diat  most  of  the  crystal  surfaces  were  contaminated 
with  >  50%  carbon.  SEM/EDS  analysis  showed  the  thin  150A  top  layers  to  still  be  present  on  all  the 
crystals.  Thus,  the  low  signals  for  In,  Zn,  and  Al,  <  1.5%  for  all  crystal  surfaces,  indicate  average 
contamination  coverage  comparable  to  the  depth  of  analysis.  Si  contamination  was  detected  on  but  one 
surface,  a  reference  crystal.  The  Si  surface  contamination  was  higher  on  the  leading  edge  surfaces  relative 
to  the  trailing  edge  surfaces  for  both  sense  and  refereoce  crystals,  but  was  highest  for  tte  leading  edge  soise 
crystals  at  10  and  23%.  The  Si  concentration  leading  edg^railing  edge  ratio  for  the  flight  e;q>osed  sense 
crystals  was  4  for  the  passive  QCMs  and  15  for  the  active  QCMs.  The  predommant  Si  species  on  both 
leading  edge  exposed  surfaces  was  Si02.  On  all  odier  crystal  surfaces.  Si  was  detected  as  silicone  or  a  mix 
of  silicon^silicat^silica.  Some  of  the  surface  contamination  (^>served  on  the  crystal  surfaces  may  be  due  to 
other  components  of  the  QCMs,  such  as  Sn  and  Pb  from  solder,  or  N  and  Ag  from  conductive  qtoxy. 


Table  6.  XPS  Data  for  QCM  Contamination  Monitors 


Surface  Mole  %,  Normalized 


QCM 

Crystal  Top 

Layer 

Q 

Q 

Si 

Id 

Sn 

Zn 

s 

Eh 

E 

Ha 

H 

a 

Al 

A£ 

TP  329,  Active 

1 

Sense 

In203 

17 

58 

23 

0.7 

03 

nd 

0.1 

nd 

tr 

03 

0.8 

tr 

nd 

nd 

Leading  Edge 

2 

Reference  InjOs 

53 

31 

1.9 

6.4 

1.0 

0.1 

0.1 

0.5 

0.1 

1.0 

4.5 

03 

nd 

nd 

TP  330,  Passive 

3 

Sense 

ZnS 

48 

35 

10 

nd 

03 

0.9 

0.5 

0.1 

tr 

0.4 

33 

0.1 

1.4 

nd 

Leading  Edge 

4 

RefereiKe  ZnS 

61 

23 

1.0 

nd 

03 

2.0 

5.5 

0.3 

tr 

0.7 

4.7 

0.4 

ltd 

1.2 

TP  318,  Active 

5 

Sense 

In203 

68 

25 

1.5 

nd 

03 

nd 

0.1 

0.3 

nd 

0.1 

4.7 

03 

0.4 

nd 

Trailing  Edge 

6 

Reference  In203 

65 

24 

0.2 

23 

0.7 

0.1 

0.2 

0.4 

nd 

0.1 

63 

O.i 

nd 

nd 

TP  353,  Passive 

7 

Sense 

ZnS 

67 

25 

2.3 

nd 

0.4 

0.1 

0.1 

0.4 

nd 

0.1 

4.5 

03 

nd 

nd 

Trailing  Edge 

8 

Reference  ZnS 

68 

20 

nd 

nd 

03 

1.4 

3.9 

0.3 

tr 

0.3 

4.1 

0.3 

nd 

0.6 

tr= trace  (<0.i) 
nd  snot  detected 

1.  Ctmclnsions 

An  overview  of  die  XPS  analyses  of  LDEF  exposed  composite,  paint,  and  QCM  crystal  surfaces 
shows  their  surface  contaminaticxi  to  be  nonunifonn  and  complex.  Interpretation  of  the  data  is  hindered  by 


die  uncertainty  of  pieflight  and  postflight  cemtaminants,  and  by  the  lack  of  comparable  laboratcHy  and  flight 
controls  for  e^  Qrpe  of  material.  However,  the  following  observadons  are  consistent  for  all  of  these 
samples.  Silicones  were  a  major  contributor  to  the  accumulated  molecular  film.  The  predominant  surface 
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species  of  Si  was  identified  as  Si02  on  almost  all  of  the  exposed  fligfit  surfaces,  and  as  silicone  or  a  mix  of 
on  flight  contfx^  tfiriiiHing  backside  surfaces.  It  is  thought  that  UV  and  atomic 
oxygen  exposure  causes  decmnposition  of  surface-deposited  silicones,  with  Si02as  one  of  the  products. 
For  most  pairs  of  sauries,  the  Si  contaminati<m  level  was  higher  on  the  leading  edge  surface  dian  on  the 
trailing  edge  surface.  Measured  Si  concentration  leading  edg^trailing  edge  ratios  varied  from  0.4  to  IS, 
with  a  median  of  about  U  and  an  average  of  about  4.  Atmosjdiericbackscattercouldplay  amajortolein 
wihiitiring  non-line-of-si^t  deposition  of  outgassed  species  onto  the  leading  edge  exposed  surfaces. 

It  was  not  possible  to  use  die  XPS  data  to  distinguirfr  hydrocarbons  or  other  'nganic  species 
deposited  daring  flight  from  the  pieflight,  postflig^t,  and  substrate  sources  of  surface  carbon.  Therelative 
surface  carbrm  concentradon  is  genen^  tdgher  on  the  trailing  edge  e3q>osed  sur£ices  than  on  die  leading 
edge  surfaces.  There  could  be  significant  contributions  to  diis  carbon  coverage  from  preflight  and/or 
postflight  crmtamination  (available  controls  indicate  that  most  samples  have  only  minor  Si  preflight 
contamination).  It  is  also  possible  dtat  atomic  oxygen  reacdons  on  die  leading  e^e  result  in  greater 
voladlizadon  of  die  carbon  component  of  die  deposited  silicones,  effectively  "thinning"  die  leading  edge 
dqiosited  overlayer. 

h  was  difficult  to  assess  changes  in  die  surface  chemical  states  of  these  sanqiles  because  of  their 
tendency  to  oxidize  and  hydrate  in  earth  environment  Preflight  and  postfligjit  surface  chemical  state  could 
differ  from  on-flight  <rondition.  The  flight  control  sanqiles,  including  backsides,  have  accumulated  some 
contamination.  This  contamination  vari<vl  significantly  in  concentration  from  one  control  surface  to  die 
nmrt,  hut  on  av«>nig>»  was  significantly  thinner  than  on  space  enviitmment  exposed  surfaces.  Lower 
contaminant  concentrations  and  higher  substrate  signals  fiom  the  flight  control  surfaces  are  bodi  emsistent 
with  diis  conclusion.  Element  signals  from  the  substrate  were  weak,  but  were  detected  on  every  flight 
exposed  surface  where  it  was  possible  to  differentiate  btiweeu  contaminant  film  and  substrate  components. 
This  would  he  consistmt  with  a  contaminant  film  diat  has  an  average  ihickness  of  50  to  100  A.  The 
contaminant  overlayer  is  probably  patchy ,  with  signHyant  areas  coveted  by  less  dian  100  A,  and  odier  areas 
by  greater  than  i(X)  A  of  mcdecular  film.  No  pattran  of  significant  difference  was  noted  between  substrate 
signals  for  leading  edge  and  trailing  edge  esqiosed  surfaces.  Thus,  although  the  Si  concenlratioa  data 
suggests  greater  on-flight  dqiosition  of  contaminants  on  die  leading  edge  surfaces,  die  substrate  signal  data 
shows  that  die  XPS  daifa  is  not  conclusive  on  die  relative  dneknesses  of  fligbt-dqxisited  contamination  for 
leading  and  trailing  edge  suifSK^es. 


B.  CONTAMINATION  ON  POLYMER  SURFACES 

Polymeric  materials  on  LDEF  were  rqiresented  in  this  stu^  by  exposed  surfaces  of  Kapton  and 
fluorinated  ^l^lene  (FEP)  Teflon  from  Ag/FEP  thermal  control  blankets,  hi  general,  polymer  surfaces  are 
clean  and  fep«t)d|icihle-  stable  in  the  earth  environment-  This  Sill^lifiedpOStflight  analysis  ofIJSEF 
eaqiosed  ptdymers,  and  provided  a  good  opportunity  to  observe  carbon  contamination  and  minor 
contaminants  dqiosited  on-flight  Good  Controls  were  available  for  the  pofymers,  and  preflight 
cooqilications  were  found  to  minimal  for  FEP  and'Kipton.  Changes  in  the  surface  chemical  state  of  the 
polymer  surfaces  were  readily  observed.  These  have  been  attributed  to  space  environment  exposure, 
though  postflight  exposures  to  air  may  have  as-yet  undetennined  effects  on  damaged  polymer  surfaces. 

A  variety  of  visible  changes  were  observed  in  the  Ag/FEP  surfaces  on  bodi  leading  and  trailing  edge 
samples.  The  exposed  leading  edge  Uanket  surfaces  appeared  unifonnly  foggy  or  clouded.  Theexposed 
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traifing  edge  Uanket  FEP  surfaces  were  "patterned"  in  some  areas  widi  altenudng  transparent  clouded 
bands.  Ckraded  areas  were  observed  on  many  blanket  edges,  particularly  near  the  bends  between  exposed 
and  masked  material  ("transitkm  zone").  Areas  of  oiang^brown  discoloration  were  notable  near  of 
the  keyhole-dumped  vent  slots  along  the  edges  of  the  Ag/FEP  blankets. 

The  SEM  and  XPSresttlts2  for  the  eaqposedAg/FEP  surfaces  are  summarized  in  Table  7.  The 
leading  edge  samjdes,  from  row  7  to  11,  all  had  roughened  surfaces  typical  of  high  vdocity  atomic  oxygen 
erosion  of  FEP,  as  seen  in  Fig.  1  for  FEP  exposed  on  Cll  compared  to  a  featureless  conlrtd  surface.  The 
highly  textured  surfaces  gave  rise  to  difiuae  hght  scattering  and  the  consetpient  clou^  ^jpearance.  The 
XPS  data  for  the  control  surface  diowedcarbmi  and  fhioi^  only.  The  XPSarudysis  of  die  exposed 

surfaces  drowed  flat  die  surface  corrmporition  of  die  FEP  remaining  after  tho  nMligritigiii«hnlilA 

in  carbon  and  fluorine  cmnposition  from  the  control ,  with  trace  amounts  of  somft  rTwifawnmantg  (Si,  n,  S, 
and  Q)  and  measurable  oxygen  present  This  oxygen  could  be  from  the  amwiif;  oxygen  interaction  or  from 
water  adsorption  from  die  atmoqdiere  after  retrieval  Wateradsotptioncouldbeenhancedondieetosion- 
rougbened  surfaces  which  have  much  higher  surface  area  than  the  control  Tii«»  MiriW^.rhimiigtTy  r\f 
leading  edge  samides  was  identical  to  clean  FEP  Teflon,  judged  by  a  comparismi  of  the  F:C  mole  ratio  and 
die  Cls  peak  shqie.  The  Cls  spectrum  from  die  D7  blankd  surface  is  shown  in  Hg.  2a;  curve-fitting 
revealed  die  major  CF2  peak  at  292  eV  and  moderate  CF  and  CF3  peaks  (qqaoximately  10%  each)  at  289J 
eV  and  294  eV,  respectively.  This  rnatched  die  spectrum  predicted  for  FEP  with  an  qiproximate 
ethylenei^nopylenecommiomer  blend  of  90%/10%  ft  iqipeared  that  deposited  contaminants  and  damaged 
potymer  were  bodi  removed  atomic  oxjrgen  erosion. 


Table  7.  Surrunary  of  SEM  and  XPS  Results 


LDEFRow 

SEM  Morphology  of  Exposed 
I%P  Surface 

Bqr 

Surface  Si% 

Surface  0% 

Cls  Envdope 

1 

Smoodi;  particulate  contamination 

D 

0.2 

2 

Degraded  FEP 

2 

A 

0.7 

6 

Degraded  FEP 

2 

P(Boeing) 

2-8 

11-32 

Contamination 

2 

Pudceied  texture;  more  distinct  in 
cloudy  bands 

F(NASA) 

8-19 

30-51 

Contamination 

3(TE) 

4 

Puckered  and  wrinkled  textures  in 
bands 

F 

0.2-7 

4-31 

Contamination 

4 

A 

0.1 

3 

Degraded  FEP 

5 

Sligfaty  lumpy  (B) 

B,C,  ' 

0.1 

3-5 

DegratfedFEP 

6 

Some  areas  of  puckered  texture 

C 

<0.1 

1-2 

Degraded  FEP 

7 

Eroded,  sharp  pinnacles  (B) 

B,D 

<0.1 

0.6 

QeanFEP 

8 

Eroded,  sharp  pinnades 

C 

<0.1 

0.6 

aeanPEP 

9  (LB) 

D,F 

00 

0 

1 

0.8 

QeanFEP 

10 

Eroded,  rounded  peaks 

A 

0.1 

0.6 

Clean  PEP 

11 

Eroded,  sharp  pinnades  (Q 

CJ> 

<0.1 

0.4 

GeanFEP 

12 

Control  FEP 

Smooth,  featurdess 

<0.1 

<0.1 

Clean  FEP 

Scanning  Electron  Surface  Composition 

Microscope  Image  Determined  by  X-Ray 

LOEFTRAYC11EXPOSEDTEH.ON  Pliotoelectron  Spectroscopy 
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Hg.  1.  SBM  images  mdsurfiKeconiposidoa  of  PEP.  A  leading  edge  surface  with  atomic 
oxygen  erosion  is  cmnpaied  to  a  featureless  control  sutfece. 


K COUNTS  COUNTS  COUNTS  K COUNTS 


10 
6 
2 

278  280  282  284  286  288  290  292  294  296 
BINDING  ENERGY/eV 

4500 
2500 
500 

278  280  282  284  286  288  290  292  294  296 

BINDING  ENERGY/eV 

5500 
3500 
1500 

278  280  282  284  286  288  290  292  294  296 

BINDING  ENERGY/eV 

16 
8 
2 

278  280  282  284  286  288  290  292  294  296 

BINDING  ENERGY/eV 

Hg.  2.  XPS  q)ectiiim  of  the  Cls  peak;  (a)  of  the  D7  Manket  sntfiKe  representative  of  dean  FEP;  (b)  of  the 
B5  Ma^et  sntface-ieiHesefUative  of  degraded  PEP.;  (c)  of  tbe  Manket  stofact  lepresentative  of 
contaminated  FEP;  (d)  of  the  F2  blanket  smface-iqneseobttive  of  heavily  contaminated  FEP. 
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The  FEP  suifKes  exposed  (» the  trailing  edge  of  LDEF  underwent  changes  which  were  observed 
bodiby  SEMandXPS.  The  smfsces  lost  die  smoodi,  featureless  texture  of  the  unexposed  FEP,  even 
wh^  rti^  wnmint rtf  rftntamimirinOT rMwaiiiwI  Inw,  m  indicafijd  hy  low  mlicnn  cnncgntrarinn,  SEMsllOWed 
an  intriguing  variety  of  new  smface  textures,  ^diin  short  distances  on  some  trailing  edge  sanqdes,  bodi 
the  surface  moqdicdogy  and  surface  contamination  levels  were  observed  to  change  dramatically,  as  seen  in 
Fig.3.  The  FEP  surfaces  nearest  to  the  trailing  edge  row  3  were  moderate  to  heavity  contaminated  and 
die  blanket  surface  areas  which  iqipear  fogged  or  cloudy  on  the  trailing  edge  had  become  sufiBciently  difihise 
to  change  visibty.  The  contarrimation  was  very  nonnnifonri.  It  is  cunentty  not  clear  if  any  causal 
lelationahip  ftTists  hetween  observed  mcyphology  type  and  surface  contamination  biiild-iy.  Itis  possible 
diat  smne  morphologies  will  have  a  hitler  probability  of  trapping  or  adsorbing  outgassed  or  badcscattered 
species,  tberdty  leading  to  greater  surface  contamination  buildup.  Furdier  from  tow  3,  FEP  surfaces 
showed  littte  texture  development  and  no  significant  contamination  excq>togtygen,po8siMy  from  postfligjil 
exposure.  It  is  possiUediat  low  atomic  oxygen  eaqwsnre  on  rows  1,5,  and  6  was  sufBcient  to  remove  die 
contaminant  overirtyer. 

XPS  data  divided  die  trailing  edge  surfaces  imo  two  cat^ories.  The  first  was  characterized  tty  low 
ctwitamiimriftn  tevftk  (.Si  -g  1  qf>)  and  a  n«  qieclnm,  as  in  Pig.  2b,  that  differs  rignificantly  from  that  of 
clean  FEP,  but  does  not  have  a  major  peak  at  285  eV.  The  second  category  was  characterized  by  moderate 
to  high  levels  of  surface  contamination  (Si,  O,  C,  N,and  S,  and  sometimes  a)and  a  Cls  spectrum 
dominated  by  a  peak  at  285  eV,  as  seen  in  Hgs.  2c  and  d.  Contarnmant  carbon  was  distinguirttaWe  fiom 
FEP  and  degraded  FEP  carbon  by  binding  energy,  and  was  measured  at  <  20%  of  die  total  snrfiKe 
compositkin.  11mClspeakat285eVispredandnaiittydnetoC-Cbonds,andisdioa^tobaildiq>on 
the  trailing  edge  surfaces  fiom  decompositian  products  of  outgassedsilicooes  and  Itydtocarbons.  TbeCls 
spectrum  in  Fig.  2b  arises  fiom  degradation  of  die  FEP  sorfme,  for  whkfa  die  Cls  ^ectrmn  is  shown  in 
Fig.2a.  Cnrve^tting  shows  that  the  decrease  in  mtensity  of  die  CP2PCl^tt  292  eV  is  accompanied  by 
majtx’  increases  in  intensity  at  294  eV,  289.5  eV,  and  287  eV,  assigned  to  CFs,  CF,  and  C-(GP0)4, 
reflectively.  These  changes  are  consisientwidi  damage  10  the  carbon  baddione  of  die  Teflon  potymer 
resulting  m  molecular  wei^  degradation,  new  ^ainienninalions,  branching,  and  CTOssBnlringdrtou^fiee 
radical  reactions.  Ihe  solar  ultravxdet  (UV)  radiation  exposure  of  the  IJWFaaiftces  is  dionght  to  have 
caused  this  FEP  surface  degtadadon.  Ihe  FEP  surbces  were  alK>  ea^osed  to  the  stress  of  about  34,000 
thermal  cycles,  but  the  maximum  temperatures  raimlated  for  Ag^PEP  blankets  on  U^F  are  less  dian  0°C 
and  not  sufficient  to  break  diemicalbonds.^  Exposure  of  FEP  to  teXPSx<rey  source  for  several  hours 
induced  shnilar  diifis  in  die  Cls  spectrum;  almost  an  of  the  FEP  Cls  ^ectm  used  for  curve-fitdng  in  diis 
study  were  acqohed  during  die  first  mimite  of  sanqile  eaqwsure  to  die  x-nty  source  to  minitnize  sutface 
degradadon  fiom  die  analysis  itsdf.  A  recent  study  of  the  d^tadmion  of  p(^ftetia41iioroedtylene(PTFE) 
Teflon  by  3  keV  electroos  Showed  very  similar  XK  Cls  qwcoa  changes  to  those  seen  in  I^.  2b  as  a 
fimctionofelectronrtiadiation  and  subreqaent  beating  to  drive  off  voiadles*.  D^iadadonofdiePIFEwas 
attributed  to  die  type  of  damage  described  above. 

Ihe  predominant  chemical  state  of  Si  identified  on  die  hailing  edge  FEP  smfaces  was  Si02.  Si 
concentratioiis  were  measured  to  be  <  20  in(de%,  indicating  ly  to  about  60%  as  the  oxide.  Urn 
contaminant  film  was  definitely  nonuniform  over  huge  areas,  and  was  probably  patcdy  on  a  snbsnicron 
scale.  Significanr  ama«  miiitt  tie  covered  hy  <  100  A  of  dqiosiied  nmieimmarion,  because  fluorocarbon  was 
detected  on  each  FEP  surface  analyzed.  The  damaged  FEP  htyer  is  probaUydiickerdian  the  dqplh  of 
anatysis. 
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by  X-Ray 
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Fig.  3.  SEM  images  of  surfocenooipiiology  changes  observed  on  a  section  of  the  tniliag  edge  P4 
blaoketsoiftoe.  The  FBP  surface  appeared  visibly  panemed,  as  seen  in  the  pbotogrqih 
on  the  left  The  surface  contamination,  rqwesented  by  Si  concentration,  was  very  norainif 


Hie  Ag/FEP  tbennal  coutiol  bbnket  edges  woe  contaminafed,  in  many  cases  move  dian  tbe  exposed 
sinfaces.  Tberefoie,  die  masked  edges  did  not  provide  good  flight  "cootior  samples.  The  transitioa  zoim 
from  the  eaqwsedsuifBceU)  die  niadced  edge  was  particulaily  prone  to  cootanainaiionbuild-iq).  Thiswas 
probaMy  the  result  of  die  condmiatioo  of  hig^  out-gas  flax  and  ladiaiion.  Tbe  Manley  were  bent  dofwn 
around  die  edges  of  the  tn^  so  diat  die  blankix  edges  were  not  rigorously  diielded  from  radiatioin.  SEM 
images  flan  (me  transition  zone,  seen  in  Fig.  4.  showed  diat  during  atomic  osygen  erosion  of  die  FEP 
smfKe,  undetcutting  of  die  cootaminadon  and  damaged  polymer  layer  (d^ed  a  role  in  die  developnient  of 
a  clean,  hi^ily  textured  suffree.  Area  A.  at  die  peripheiy  of  the  eaqwsedsutfsce.  had  a  characteristic  atomic 
oxygen  erosion  pattern.  Area  D.  closer  to  die  blanket  e^e.  was  a  sui&cewidi  contamination  coverage  and 
UV  degraded  FEP.  Area  C.  in  die  center  of  the  transidon  zone,  diowed  undercutting  of  die  contamination 
and  (iamaged  polymer  layer  atomic  oxygen  erosion.  The  devdopmenlctf  submicron  particles  of  SiOa 
was  (Observed  on  some  e^mifaoes  by  SEM^EDS.  as  seen  in  Hg.S.  Such  pardcle  development  was  not 
detected  on  any  (tf  the  odier  samples  included  in  this  study.  Areas  of  omnge/brown  contamination  were 
observed  (m  some  Ag/FEP  edge  surfaces  near  keyhole-shiqied  vent  slots  in  die  Uanket  edges.  XPS 
anatysis  showed  diese  stams  to  be  hig|i  in  carbon,  sulfnr.  and  nitrogen  relative  to  odier  contaminated  areas. 
The  source  of  contamination  was  not  identified,  but  it  appears  to  have  contained  an  amine/ainide 
functionality. 

Only  two  samides  of  Kapton.  fiom  leading  edge  F9.  have  been  analyzed  to  date,  but  die  results 
cooqileniaiteddiose  for  leading  edge  FEP  Teflon.  SEM  analysis  showed  die  leading  edge  Kapton  bad 
heavy  atomic  oxygen  erosion.  Contaminant  build^y,  as  seen  in  TaMe  8.  was  low  due  to  diat  erosion. 
total]^<  4  surfia^e  mole  %  excluding  ootygen.  The  observed  surface  oxygen  concentration  increases  were 
associated  wididiese  contaminants  as  well  as  widiptdymer  oxidation.  AS%iricreaseinoxygen-contairimg 
surface  functionalities  was  measured  by  Cls  spectrum  curve-fitting. 


TaMeS.  XPS  Data  for  Kspton 
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AO  Erosion  of  A1 0  Thermal  Blanket  Edge  Surface 
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Rg.4.  SBM  images  of  a  transition  zone  ooflieAlOWaiiket  edge.  Area  A  has  the  charactenstic  atomic 
oxygen  eiosioa  pattern.  Area  D  is  a  suifK*  with  awiaminalioo  coverage  and  UV  degraded  PEP. 
Area  C  shows  undercutting  of  the  contaminitfion  and  damaged  prdymer  layer. 


C8:  Unexposed  Edge 


Hg.  S.  SEM  images  of  sabmicrcHi  partides  of  Si02  on  a  masked  edge  smface  of  the  C8  blanket 
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IV.  SUMMARY 


XPS  was  used  to  study  tbe  average  surface  composition  and  cbemistry  of  a  vaiieQr  of  LDEF  exposed 
materials.  XPS  gives  excellent  surface  sensitivity  and  element  detection  for  contaminant  analysis,  with 
mmimal  samide  alteration.  Si02  and  odier  decomposition  products  of  silicones  exposed  to  tbe  space 
envtnmment  were  identified  as  die  predominant  surface  contaminant  for  every  type  and  location  of  material 
Dqposited  carbon  residues  were  distinguishable  fiomprefli^  contamination  on  Ag/FEP  surfaces.  This 
cartion  is  drought  to  come  fiom  silicones  decomposition  and  organic  contaminants,  including  the  source  of 
die  orang^brown  stains  which  had  increased  carbon,  sulfur,  and  nitiogen  concentrations  relative  to  odier 
dqiosits.  hfost  of  the  minor  (<  1  atom  %)  and  occasionally  observed  coniaminants  on  die  LDEF  ejqiosed 
surfaces  were  attributed  primarily  to  prefligbt  contamination.  Tbis  clearly  demonstrated  the  need  to 
iruiintain  good  laboratory  controls  during  the  study  of  space  environmental  effects  on  materials. 

The  flight  controls  (no  direct  line  of  sight  to  die  space  environment)  were  found  to  have  accumulated 
some  contamination,  but  generally  less  than  esqiosed  siafiKies.  The  polymeric  materials  studied  had  low 
contaminatibn  on  the  leading  edge  surfaces  due  to  atomic  oxygen  erosion.  All  other  matwiau  had  bi^ier 
average  Si  contamination  on  leading  edge  dian  on  trailing  e^e  surfaces,  probably  due  to  die  return  flux 
associated  widi  atmosidieric  backscatter.  For  individual  pairs  of  samjdes,  measmed  Si  concentration 
leading  edg^trailing  edge  ratios  varied  fiom  0.4  to  IS,  widi  amedian  of  about  U  and  an  average  of  about 
4.  Element  signals  fiom  some  substrates  were  weak,  but  were  defected  <m  every  flight  exposed  surface 
where  it  was  possible  to  differentiate  between  contaminant  film  and  substrate  conqioiients.  This  would  be 
consistent  with  a  contaminant  film  diat  has  an  average  thickness  of  SO  to  100  A.  Thecontammantoveriayer 
is  inobably  patchy,  with  significant  areas  covered  by  less  dian  100  A,  and  other  areas  by  greater  than  100  A 
ofmokcidarfilriL  No  pattern  of  significant  difference  was  noted  between  the  intensity  of  substrate  signals 
for  leading  edge  and  trailing  edge  e^iosedsorfaces.  Thus,  aldrough  die  Si  concentradon  data  suggested 
greater  on-fli^t  dqiosition  of  contaminants  on  tbe  leading  edge  surfiaies,  the  XPS  analysis  was  not 
conclusive  on  die  relative  total  thicknesses  of  flight-dqiosited  contamination  for  leading  and  nailing  edge 
surfaces. 


23 


REFERENCES 


1.  Malloo,  J.  J.,  Uht,  J.  C.,  and  Hemmingex,  C.  S.,  “Surface  Analyses  of  Conq>osites  Exposed  to  die 
Space  Envixomneat  on  LDEF.”  Submitted  for  publication,  1991. 

2.  Hemminger,  C.  S.,  Stuck^,  W.  K.,  and  Uht,  J.  C.,  “Space  Environmental  Effects  <m  Silvered  Teflon 
Thennal  Control  Surfsces.”  First  LDEF  Post-Retrieved  Symposium,  June  1991.  See  also  NASA  CP 
3134, 1992. 

3.  Berrios,  W.  M.  and  Saix!|>air,  T.  R.,  “LDEF  Post  Flight  Thennal  Analysis.”  LDEF  Science  Office, 
NASA  Langley  Research  Center. 

4.  Wheder,  D.  R.  andPqiper,  S.  V.,  “X-ray  Photoelectron  and  Mass  Spectroscopic  Study  (^Electron 
hiadiatkin  and  Thennal  Stability  of  Potytetrafluoroediylene.”  J.  Vac.  Sci.  Technol.  Vol  A8,  No.  6, 
Nov/Dec  1990,  pp.  4046-4QS6. 


25 


TECHNOLOGY  OPERATIONS 


The  Aerospace  Coiporation  functions  as  an  "aichitect-engineer"  for  national  security 
IHOgrams,  specializing  in  advanced  military  space  systems.  The  Corporation's  Technology 
Operatioos  supports  the  effective  and  timely  development  and  operation  of  national  security 
systems  through  scientific  research  and  the  s^lication  of  advanced  technology.  Vital  to  the 
success  of  the  Corporation  is  the  technical  staffs  wide-ranging  expertise  and  its  ability  to  stay 
abreast  of  new  technological  develqmients  and  laogram  suiq>ott  issues  associated  with  rapidly 
evolving  space  systems.  Contributing  c^abilides  ate  juovid^  by  these  individual  Technology 
Centers: 

Electronics  Technology  Center:  Microelectronics,  solid-state  device  physics. 

VLSI  reliability,  compound  semiconductors,  radiaiitm  hardening,  data  storage 
technologies,  infiared  detector  devices  and  testing;  electro-qptics,  quantum  dectrenks, 
solid-state  lasers,  q>tical  propagation  and  oanmunications;  cw  and  pulsed  chemical 
laser  development,  optical  resonators,  beam  control,  atmospheric  propagation,  and 
laser  effects  and  countermeasures;  atomic  frequency  standards,  applied  laser 
spectroscopy,  laser  chemistry,  laser  <q>toelectronics,  phase  conjugation  and  coherent 
imaging,  solar  cell  physics,  battery  dectrochemistry,  battery  testing  and  evaluation. 

Mechanics  and  Materials  Technology  Center:  Evaluation  and  characterization 
of  new  materials:  metals,  alloys,  ceramics,  polymers  and  thdr  composites,  and  new 
forms  of  carbon;  devek^ment  and  analysis  of  thin  films  and  dqx>siti(m  techniques; 
nondestructive  evaluation,  component  failure  analysis  and  reliability;  fracture 
mechanics  and  stress  corrosion;  devdopmmit  and  evaluation  of  hardened  components; 
analysis  and  evaluation  of  materials  at  cryogenic  and  elevated  temperauires;  launch 
vehide  and  reentry  fluid  mechanics,  heat  transfa  and  flight  dynamics;  chemical  and 
electric  propulsirm;  spacecraft  structural  mechanics,  spacecraft  survivability  and 
vulnerability  assessment;  contamination,  thermal  and  structural  control;  high 
temperature  thermomecbanics,  gas  kinetics  and  radiation;  lubrication  and  surface 
phenomena. 

Space  and  Environment  Technology  Center:  Magnetospheric,  auroral  and 
cosmic  ray  physics,  wave-particle  interactions,  magnetospheric  plasma  waves; 
atmospheric  and  ionospheric  physics,  density  and  composition  of  the  upper 
atmosphere,  remote  sensing  using  atmospheric  radiation;  solar  physics,  infrared 
astronomy,  infrared  signature  analysis;  effects  of  solar  activi^,  magnetic  storms  and 
nuclear  explosions  on  the  earth's  atmosphere,  ionosphere  and  magnetosphere;  effects 
of  electroinagnetic  and  particulate  rarhatirms  (m  space  systems;  space  instrumentation; 
propellant  chemistry,  chemical  dynamics,  environmental  chemistry,  trace  detection; 
atmospheric  chemical  reactions,  atmo^heric  optics,  light  scattering,  state-specific 
chemical  reactions  and  radiative  signatum  of  missile  plumes,  and  sensor  out-of-field- 
of-view  rejection. 


